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Introduction
Over the last few decades, open tunnel boring machine (TBM) has been widely used in infrastructure constructions such as underground/rail transportation and water conservancy, etc. [1] . The gripping-thrusting-regripping mechanism (GTRM) [2] in open TBM plays an important role for implementing continuous, efficient and accurate tunneling. In practice, two issues maybe encountered in the design and control aspects. The first is to design the hydraulic system that enables to provide sufficient thrust forces required to resist against the tunneling loads. The second is to predict the tunneling loads imposed upon the cutterhead by measuring the thrust forces of hydraulic cylinders such that online compliant control can be implemented. Both issues constitute the forward and inverse force analysis problems of the mechanism.
The open TBM GTRM is a special parallel mechanism driven by multiple hydraulic cylinders and constrained by rocky surroundings. Although a couple of useful methods have been available for the force analysis of parallel mechanisms, the Newton-Euler method [3] [4] [5] [6] [7] , the virtual work principle [8] [9] [10] [11] [12] [13] , and the screw theory method [14] [15] [16] [17] , for example, it is important to note, however, that the GTRM operates under the constraints of rocky surroundings. Because of this very special working condition, the translational movements normal to the cutterhead's axis are uncontrollable. Moreover, the GTRM contains the branched kinematic chains that form the inner loop closures [18] and the oil circuits of some hydraulic actuators are connected. All these features make the force analysis of the GTRM quite different from that of the conventional parallel mechanisms having certain degrees of freedom and simple limb structures. An exhausted literature review shows that little work was reported for the force analysis of such mechanism [19] [20] [21] .
Drawing mainly on the practical needs for the design and control, this paper investigates a method for the force analysis of an open TBM GTRM with particular interest in establishing the relationship between the tunneling loads and the thrust forces of hydraulic cylinders. Two examples are given to illustrate how this model could be used to estimate the thrust forces required to resist against the tunneling loads, and to predict the tunneling loads provided that the thrust forces of these cylinders can be obtained online.
System Description
The CAD and explosive models of the GTRM under consideration are shown in Fig.1 . The mechanism is composed of the cutterhead, shield, main beam, four torque cylinders, saddle, four propel cylinders, gripper cylinder, gripper shoes and rear supporting legs. For the convenience of force analysis, the cutterhead, mainbeam and shield are treated as one body by locking the gear transmissions between the cutterhead and mainbeam as well as by locking the hydraulic cylinders between the main beam and shield. Two propel cylinders on the left/right side are placed in parallel manner and each of them is connected with the main beam at one extremity and with a gripper shoe at the other by a spherical joint. Two torque cylinders on the left/right side are placed in parallel and each of them is connected with the saddle and the gripper cylinder by a spherical joint. In addition, the saddle is connected with the gripper cylinder by the cross pin (composed of a prismatic joint and a spherical joint). The gripper cylinder is connected with the gripper shoe by a spherical joint at each end. The schematic diagram of the GTRM is shown in Fig.2 , and its topological structure is given in Fig.3 . Here, S and P represent the spherical and prismatic joint, respectively, and the underlined P represents the actuated prismatic joint (i.e. hydraulic cylinder). It is easy to see that the torque cylinders, the saddle and the cross pin form the inner loops between the gripper cylinder and the prismatic joint situated on the saddle.
It should be pointed out that unlike the redundantly actuated parallel mechanisms [22] in which all actuators are assumed to be linearly independent, the hydraulic circuits of the propel cylinders, torque cylinders and gripper cylinder 3 are intentionally designed as follows. The hydraulic circuits of all four propel cylinders are connected, leading to the same thrust forces in these cylinders. This treatment actually produces one independent actuation to resist against the tunneling load along the cutterhead axis and to balance the frictional moment arising from gravity of the shield, the cutterhead, and the mainbeam. Similarly, the hydraulic circuits of two torque cylinders on the left or right side are connected, leading to the same thrust forces in these cylinders. This treatment enables two pairs of torque cylinders on both sides to generate two independent actuations to adjust the shield's pitch angle and to resist against the tunneling moment about the cutterhead axis. The hydraulic circuits of the left and right oil chambers of the gripper cylinder are connected, leading again to the same thrust forces in these chambers, and thus providing one independent actuation to adjust the shield's yaw angle and to hold two gripper shoes tightly onto the surrounding rock. The above mentioned hydraulic circuit arrangements are clearly depicted by the dashed lines as shown in Fig.2 and Fig.3 . Hence, the shield has four controllable movement capabilities in total, i.e. one translation along and one rotation about the cutterhead axis, and two rotations about two axes normal to the cutterhead axis. It is important to note that the shield has two uncontrollable translational movements normal to the cutterhead axis. These movements depend upon the physical boundary conditions exerted by the surrounding rock.
Inverse Displacement Analysis
In this section, the inverse displacement analysis of the GTRM is carried out for the determination of the lengths and unit vectors of the propel cylinders, torque cylinders and gripper cylinder at a given configuration. In order to achieve that, a reference frame O xyz  is set as shown in Fig.2 . Here, the origin O is the center of the central line of the spherical joints situated on the left and right gripper shoe, the x axis is coincident with the gripper cylinder's axis, the y axis is coincident with the vertical axis of the cross pin, and the z axis satisfies the right hand rule. Meanwhile, a body fixed frame O uvw   attached to the shield is placed. Here, the origin O is the center of its middle plane, the w axis is coincident with the cutterhead axis, and the u and v axes are parallel to the x and y axes at the initial configuration. In addition, let C be the center of the prismatic joint situated on the saddle with 
where û , v and ŵ are the unit vectors of three orthogonal axes of the O uvw   . Thus, at the initial configuration, we have 
Thus, the displacements of the prismatic joints can be determined by
At the initial configuration, we have 
Static Modeling
This section deals with the inverse and forward force analyses of the GTRM. The gravitational forces of all hydraulic cylinders and the torsional moment between the shield and surrounding rock are assumed to be negligible since they are much smaller than those of other factors.
As shown in Fig.7 , the cutterhead-mainbeam-saddle subassembly is taken as the study object in the first place. In  Fig.7 , the blue arrows are used to indicate the external (tunneling) wrench imposed upon the cutterhead [23] , the component gravity, and the drag resistance of ground support equipment, respectively. The red arrows are used to indicate the thrust forces of the propel cylinders and torque cylinders, the reaction forces at the center of the cross pin, and the friction force between the shield and surrounding rock. Note that the reaction force of the cross pin only contains two components along the x and y axes since it is a compound joint consisting of a prismatic joint and a spherical joint.
The symbols shown in Fig.7 are listed as follows:
--the tunneling wrench with respect to O .
, ai f -the ith propel cylinder thrust force.
, bi f -the ith torque cylinder thrust force. The static force and moment equilibrium equations of the cutterhead-mainbeam-saddle subassembly can be formulated as
where x , ˆ y and ẑ denote the unit vectors of three orthogonal axes of the O xyz  frame. In order to find the relationship between the reaction forces in the cross pin and the thrust forces of the torque and gripper cylinders, the force equilibrium equations of the saddle and the gripper cylinder are formulated using the free body diagrams as shown in Fig.8 and Fig.9 . 
where C f is the reaction force of the prismatic joint connecting the main beam with the saddle, 1 h f and 2 h f are the reaction forces at the spherical joints of the gripper shoes. Table 3 Estimations of the tunneling loads using the thrust forces
Conclusions
This paper presents an approach for force analysis of an open TBM GTRM and the following conclusions are drawn: (1) The GTRM is a special parallel mechanism driven by multiple hydraulic cylinders and working under constraints of surrounding rock. Since the hydraulic circuits of four propel cylinders are connected, and so are those of the torque cylinders and the gripper cylinder on the left and right side, the mechanism has four independent actuations. (2) The models for the forward and inverse force analyses of the GTRM have been developed. These models can be used to estimate the thrust forces of the hydraulic cylinders required to resist the tunneling loads, and to predict the tunneling loads provided that the trust forces in the cylinders can be obtained by measurements. They thereby provide important theoretical basis for the design and control of the mechanism.
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